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Vaccinia virus (V V) encodes a 37-kDa envelope protein (p37) that is palmitylated on cysteine residues 185 and 186 of the
372-amino acid protein. We have previously reported on a loosely conserved consensus motif. Further analysis has identified
a conserved consensus sequence, Hydro*AAC(C)A (Hydro* represents a hydrophobic portion of a protein determined by any
one of the following: a hydrophobic sequence, a transmembrane domain 1–12 amino acids away from the modification site,
or the prior addition of a hydrophobic molecule; C, palmitate acceptor cysteines; A, aliphatic residue) that is responsible for
directing palmitylation of certain classes of palmitylproteins. We have analyzed the amino acid site occupancy upstream and
downstream of the palmitate acceptor residues in p37 by site-directed mutagenesis and transient expression of mutated
proteins in V V-infected cells. The two aliphatic alanines naturally found at positions 183 and 184 of the wild-type p37 allow
for efficient palmitylation. In contrast, the replacement of leucine at position 187 with glycine increases palmitylation
efficiency. The 10 amino acids immediately upstream of the palmitate acceptor site are absolutely necessary while the
downstream 10 amino acids are dispensable. These results together with previous data suggests that the Hydro*AAC(C)A
motif is required for efficient palmitylation of p37. © 1999 Academic Press
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sINTRODUCTION
Vaccinia virus (V V),2 belonging to the Poxviridae family
f animal viruses, is a large enveloped virus that repli-
ates entirely within the cytoplasm of an infected cell.
he double-stranded DNA, 191-kb pair genome has been
ompletely sequenced and encodes ;200 gene prod-
cts, many of which are responsible for virus replication
nd propagation in an infected cell (Goebel et al., 1990).
everal of these viral polypeptides are known to be
ither posttranslationally or cotranslationally modified by
ddition of palmitate or myristate respectively (Child and
ruby, 1992).
The VV replication cycle is a rather complex series of
vents and is still not fully understood. Infectious virions
an exist in one of four states: intracellular mature virus
IMV), intracellular enveloped virus (IEV), cell-associated
1 To whom reprint requests should be addressed at Department of
icrobiology, Nash Hall Room 220, Oregon State University, Corvallis,
regon 97331-3804. Fax: (541) 737-2440. E-mail: hrubyd@bcc.orst.edu.
2 Abbreviations: V V, vaccinia virus; IMV, intracellular mature virus;
EV, intracellular enveloped virus; CEV, cell-associated enveloped virus;
EV, extracellular enveloped virus; p37, 37000-dalton vaccinia envelope
ntigen; TGN, trans Golgi network; ATI, vaccinia A-type inclusion pro-
ein encoded by the A25L open reading frame; PAT, palmitylprotein
cyltransferase; MEM-E, Eagle’s minimal essential medium; LG, L-
lutamine; GS, gentamicin sulfate; FCS, fetal calf serum; [3H]PA, [9,10-
H]palmitic acid; PBS, phosphate-buffered saline; RIPA, radioimmuno-
recipitation assay buffer; a-p37, rabbit polyclonal antiserum to the
7000-dalton vaccinia envelope antigen; PAGE, polyacrylamide geltlectrophoresis.
042-6822/99 $30.00
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124nveloped virus (CEV), and extracellular enveloped virus
EEV). IMV, containing the virus core particle, is thought
o be formed by budding through the intermediate com-
artment (Sodeik et al., 1993), a cellular structure located
etween the endoplasmic reticulum and the Golgi, re-
ulting in the acquisition of a double-layered membrane.
he IMV particle is then targeted to the trans-Golgi net-
ork (TGN) (Hiller and Weber, 1985; Schmelz et al., 1994)
here it buds through the TGN, acquiring yet another
ouble-layered membrane, forming IEV. IEV induces cy-
oskeletal rearrangement of the host cell actin network,
hich is polymerized from one side of the particle, pro-
elling the IEV particle to and through the cell membrane
Cudmore et al., 1995). Virions that remain associated
ith the extracellular surface of cells are referred to as
EV while those expelled into the medium are referred to
s EEV.
In the current study, we used the protein encoded by
he F13L ORF, p37. The 37-kDa protein is the major
almitylprotein produced by VV. The protein is 372 amino
cids in length and has been shown to be palmitylated
n both cysteine residues in positions 185 and 186
Grosenbach et al., 1997). p37 is expressed at late times
4 h p.i. until cell lysis and has been found to interact
ith the membranes of the trans-Golgi network (Schmelz
t al., 1994). When virion associated, p37 is found exclu-
ively on the outer envelope of EEV. It has been demon-
trated by the use of a F13L deletion mutant virus, vRB10,hat p37 is essential for proper virus envelopment and
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125MUTATION OF A VACCINIA VIRUS PALMITYLATION SITEelease (Blasco and Moss, 1991). Recently, our lab has
xpanded on these finding to show that palmitylation of
37 is necessary for appropriate targeting to the trans-
olgi network and protein function (Grosenbach et al.,
997).
Several of the V V acylproteins have been shown to
lay important roles in the VV life cycle. Five VV myri-
tylproteins have been identified as the gene products of
he A25L, A16L, E7R, G9R, and L1R open reading frames
Martin et al., 1997). Four of these proteins contain the
anonical amino-terminal myristylation motif consisting
f M-G-X-X-X-S/T/A/C/N) (Duronio et al., 1991), where X is
ny amino acid and glycine in the second position
erves as the modification site. A25L, which encodes the
-type inclusion (ATI) protein, is not myristylated at the N
erminus but is internally modified possibly on an argi-
ine or lysine residue as described previously (Martin,
997). There are at least six VV palmitylproteins. Three
pecies are derived from unidentified ORFs and the
emaining are encoded by the A33R (Roper et al., 1996),
5R (Isaacs et al., 1992), and F13L (Hirt et al., 1986) open
eading frames.
Palmitylation is a reversible process that involves the
ovalent attachment of a 16-carbon saturated fatty acid
ia a thioester or ester bond to a cysteine or serine/
hreonine residue respectively (Hruby and Franke, 1993).
he palmitylation of proteins facilitates one of three
nown functions: increasing specific protein–protein in-
eractions, targeting proteins to membranes, and struc-
ural activation of proteins (Shenoy-Scaria et al., 1994;
edegaertner et al., 1995). Unlike myristylation, little is
nown about the enzymology of palmitylation. It is likely
hat several palmityltransferases exist due to the wide
iversity of protein sequences that are palmitylated. Cur-
ently there are two palmityltransferases activities
nown: a membrane-associated acyltransferase that is
apable of palmitylating mucin glycoproteins (Kasi-
athan et al., 1990) and another membrane-bound palmi-
ylprotein acyltransferase (PAT) that transfers palmitate
o members of the Src protein family (Berthiaume and
esh, 1995), and Ga subunits (Dunphy et al., 1996).
Many of the known viral membrane-bound palmityl-
roteins are essential for viral replication or assembly
Schmidt and Burns, 1989; Hruby and Franke, 1993;
onimaskin and Schmidt, 1995; Resh, 1996; Veit et al.,
996; Grosenbach et al., 1997). In each case the palmi-
yl moiety is necessary for some aspect of protein
unction. With palmitylproteins playing such critical
oles in many viral replication cycles, it has been of
nterest to predict potential palmitylproteins and their
ite of modification as a means to identify important
iral gene products. This was first done by examining
he contextual constraints for palmitylation, which in-
ludes two criteria: cysteine residues no more than 10
mino acids away from the transmembrane domain han serve as the acceptor site for palmitylation, and
he palmitylation of cysteines within a transmembrane
omain can only occur if located within six amino
cids of the cytoplasmic borders (Ponimaskin and
chmidt, 1995). It was also realized that cysteines are
ot enough to direct the palmitylation of a protein, as
ost cysteine-containing proteins are not modified.
ecently, palmitylproteins have been classified into
our types (Resh, 1996). These classes are based on
he site of modification, whether they are multiply
odified by myristylation, palmitylation, and/or isopre-
ylation, and whether they interact with membranes.
ype 1 palmitylproteins include transmembrane pro-
eins that are palmitylated on cysteines close to a
ransmembrane spanning region. Type 2 palmitylpro-
eins are palmitylated at the carboxylterminus and
equires prior prenylation of a cysteine within a CAAX
ox motif. Type 3 palmitylproteins are palmitylated
ultiple times within the first 10–20 amino acids. Last,
ype 4 palmitylproteins are both myristylated and
almitylated within the amino-terminal motif: M-G-C, in
hich the glycine in position two serves as the myri-
tylation site and the cysteine in position three serves
s the palmitylation site. In this latter case, palmityla-
ion is dependent on prior myristylation.
From these classifications, it would appear that the
oosely conserved motif defined by TMDX1–12AAC(C)A
ould only predict Type 1 palmitylproteins (Grosen-
ach et al., 1997). However, p37 does not fit any of the
bove classifications (p37 is not a transmembrane
rotein), but the motif was useful in identifying the
orrect site of palmitylation. This suggests that the
MD portion of the motif may only represent a region
f hydrophobic sequence that may or may not be a
ransmembrane domain, or in the case of a dually
odified protein, another hydrophobic molecule (my-
istate, palmitate, or prenyl group). Thus a motif that
an predict the palmitylation site of many palmitylpro-
eins can be defined as Hydro*AAC(C)A (where Hydro*
epresents a hydrophobic portion of a protein deter-
ined by any one of the following: a hydrophobic
equence, a transmembrane domain 1 to 12 amino
cids away from the modification site, or the prior
ddition of a hydrophobic molecule). To determine the
alidity of the motif site, directed mutagenesis was
erformed on the F13L ORF at positions upstream and
ownstream of the palmitate acceptor sites. Amino
cids located within the motif were mutated to differ-
nt residues to determine the site occupancy con-
traints and the requirements for a hydrophobic region
o direct palmitylation. The results presented here
uggest that while any amino acid within the motif is
apable of directing palmitylation, residues that have
ydrophobic properties are most efficient. Also, the
ydrophobic region upstream of the p37 palmitylation
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126 HANSEN, GROSENBACH, AND HRUBYite is absolutely required for protein palmitylation.
he motif Hydro*AAC(C)A, may be useful in predicting
he modification site of most palmitylproteins.
RESULTS
nalysis and alignment of palmitylproteins
The amino acid sequence of p37 was deduced from
he nucleotide sequence of the VV strain IHD-J F13L
ene (Blasco and Moss, 1991). Grosenbach and Hruby
Grosenbach et al., 1997) have previously demonstrated
hat the cysteines in positions 185 and 186 of p37 serve
s the palmitate acceptor sites. Computer-assisted anal-
sis of p37 was used to predict protein hydrophobicity
nd putative transmembrane spanning domains and pro-
ein secondary structure. Hydrophobicity plots revealed
hat the central portion of p37 contains two hydrophobic
egions (data not shown). The region consisting of the
mino acids from positions 172–198 (encompassing the
almitylation sites) is predicted to be a transmembrane
omain. Secondary structure predictions showed p37 to
onsist of 36% a helix, 30% b sheet, 21% turns, and the
T
Identification of the Pa
almitylated proteins
FLU-HA MGLVFIC*V KNGNMRC*TIC*I
VSV-G HGLFLVL RVGIHLC*IKLKATKKQI
CD4 GIFFC*V RC*RHRRRQAERMSQIKR
Rhodopsin VIYIMMN KQFRNCMVTTLC*C*GKNPLGDDEA
Trans.-rec YC*ISGSC* RKPKTVNAKTNNDANEEEDVALKM
Marbur virus GP LSC*IC* RIFTKYIG
F-MuLV env LFGPC*ILN RLVQFVKDRISV VQAL
HEF/HA chim GIAIC*V KNGNMRC*TIC*I
Sindbis E2 TVAVLC*AC* KARREC*LTPYALAPNAVIPTSLAL
SFV E2 SC*YMLVAA RSKC*LTPYALTPGAAVPWTLGILC
AdenoDP FVCLIIWL IC*C*LKRK
Hum B2AR TMD(25) IAFQELLC*LRRSSLKAYG
Hum B1R TMD(26) KAFQGLLC*C*ARRAARRRH
Hum a1AR TMD(27) AFMRILGC*QCRSGRRRRR
Lyk MGC*VCSSNPED
BovineNOS3 GPPC*GLGLGLGLGLC*GKQGPAS
band III FTGIQIIC*LAVLWV VKST
RasK KEEKTPGC*VKIKKCIIM
Mouse SSR2 KKSFQNVLC*LVKVSGT
p37 (IHD-J) LNLCSAAC*C*LPVSTAYHIK
Consensus TMDX1–12AAC(C)A
Hydro*AAC(C)A
Note. The computer program Nentrez was used to compile the prote
nalyzed, the site of modification and various protein properties were d
f modification serving as the reference point. Similarities in sequen
ccupancy for each residue individually and then by amino acid class
omparing the motif to p37’s amino acid sequence allowed the determ
mino acids in positions 185 and 186, with aliphatic residues occup
odification sites. Gapped sequences represent the putative boundar
he above motif has since been changed to Hydro*AAC(C)A, so that iemaining 13% other structures. aPonamaskin and Schmidt (1995) have previously de-
cribed criteria for palmitylation of viral glycoproteins.
owever, using this criteria we could not predict the
odification site of p37. To facilitate the identification of
he modified residues in p37, numerous palmitylproteins
ere examined of which the sequence and site(s) of
odification had already been determined. Each known
almitylprotein was subjected to the same type of anal-
sis that p37 was subjected to, considering secondary
tructures and membrane topologies (data not shown).
n alignment was made in which the sequence of each
almitylprotein was aligned using the site(s) of modifica-
ion as the reference point (Table 1). Primary structural
roperties were determined for each protein considering
pecific amino acid, amino acid properties, and amino
cid classes. Based on this data, it appeared that palmi-
ylation occurs most frequently 1–12 amino acids down-
tream (on the cytoplasmic side) of a transmembrane
panning region, downstream of a hydrophobic se-
uence, or immediately following the modification of the
rotein by another fatty acid. Also the modified cysteines
tion Consensus Motif
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uences of numerous known palmitylproteins. For each palmitylprotein
ned. This information allowed each protein to be aligned with the site
e determined by physical properties and mathematically by percent
this analysis, the consensus motif, TMDX1–12AAC(C)A was identified.
of the site of palmitylation. The site of modification corresponds to the
sitions 183, 184, and 187. C* represents putative or actual cysteine
en a transmembrane domain and the cytoplasmic tail of the protein.
e used to predict palmitylproteins of different types (types 1–4).ABLE 1
lmityla
LC*C*V
*C*AP
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127MUTATION OF A VACCINIA VIRUS PALMITYLATION SITEnother aliphatic residue. This motif was thus defined as
MDX1–12AAC(C)A, where TMD is a transmembrane do-
ain, X is any amino acid, A is any aliphatic amino acid,
nd C is the palmitylated cysteine(s). This motif enabled
he identification of the palmitylation site in p37, in which
wo alanines precede the cysteine doublet in positions
85 and 186, which is then followed by a leucine. How-
ver, the modification site of p37 is predicted to be within
transmembrane spanning domain, which does not
gree structurally with the predicted motif. However,
onamaskin and Schmidt have also reported that palmi-
ylation of cysteines can occur within a transmembrane
omain. In any case, the motif had enabled the identifi-
ation of the palmitylation sites of p37. To this end, it was
f interest to determine the requirements for a hydropho-
ic region, the amino acid site occupancy constraints,
nd if the motif could be expanded to include palmityl-
roteins of different types.
lasmid construction and oligonucleotide-directed
utagenesis
A F13L deletion mutant virus, vRB10, has had 93% of
FIG. 1. Design and construction of the transient expression vector DG
nteraction mediated by its palmityl moieties. (B) The hydrophobic region
ode. The wild-type amino acids in position 183, 184, and 187 were targ
V F13L open reading frame was inserted downstream of the 7.5 early/lhe F13L open reading frame deleted by insertional in- activation using an expression cassette mediating my-
ophenolic acid resistance. Even though vRB10 does not
xpress p37, it is still viable in tissue culture, but the virus
s unable to efficiently form plaques on susceptible
onolayers of cells as a result of producing very little
EV or EEV. Reinsertion of the F13L gene into the vRB10
enome or transient expression of p37 in vRB10-infected
ells restores the wild-type plaque-forming phenotype,
onfirming the essentiality of p37 to this process
Grosenbach et al., 1997).
Use of the transient expression vector pDG4.0 enabled
he expression of both wild-type and mutant forms of p37.
nonpalmitylated form of p37 was also constructed in
hich the cysteine doublet had been mutated to a serine
oublet, and two other mutants, which are less efficient
t incorporating palmitate due to a mutation of one of the
ysteines to a serine (pCC, pSC, and pCS, respectively).
o build on these earlier findings, oligo-directed mu-
agenesis was used to mutate amino acids at positions
ithin the consensus motif and within the predicted
ydrophobic region (Fig. 1). By the use of three separate
egenerate oligonucleotide primers, amino acids in po-
itions 183, 184, and 187 of p37 were mutated to different
d mutated derivatives. (A) Diagram of the hypothetical p37: membrane
from residues 172–198 are depicted using the single-letter amino acid
r mutagenesis. (C) An 1110-bp DNA fragment containing the wild-type
moter to allow for constitutive expression throughout the viral infection.4.0 an
of p37
eted fo
ate promino acids. The goal for each position was to obtain
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128 HANSEN, GROSENBACH, AND HRUBYutants that represented the different classes of amino
cids.
Computer predictions indicate that there are 10 hydro-
hobic amino acids upstream and downstream of the
almitylation site (positions 185/186). To determine the
equirement for the hydrophobic sequence surrounding
he palmitate acceptor site of p37, four deletion mutants
ere constructed. Two deletion mutants deleted all or
alf of the 10 amino acids upstream of the palmitylation
ite (LD10 and LD5, respectively), while the other two
eletion mutants eliminated all or half of the ten amino
cids downstream of the palmitylation site (RD10 and
D5, respectively). In position 183 the wild-type alanine
as changed to glycine (A183G), valine (A183V), serine
A183S), threonine (A183T), proline (A183P), tryptophan
A183W), lysine (A183K), and aspartic acid (A183D). The
lanine is position 184 was changed to valine (A184V),
erine (A184S), threonine (A184T), proline (A184P), phe-
ylalanine (A184F), tyrosine (A184Y), tryptophan (A184W),
ysine (A184K), and aspartic acid (A184D). In position 187,
he wild-type leucine was mutated to glycine (L187G),
aline (L187V), serine (L187S), cysteine (L187C), threo-
ine (L187T), methionine (L187M), proline (L187P), phe-
ylalanine (L187F), tryptophan (L187W), lysine (L187K),
nd glutamic acid (L187E). These mutants made used to
etermine the site occupancy constraints upstream and
ownstream of the palmitate acceptor site.
nalysis of palmitate incorporation/efficiency
Confluent monolayers of cells were infected with the
13L deletion mutant, vRB10, and then transfected with a
ild-type p37 transient expression vector (DG4.0), the
utant p37 transient expression vectors for positions
83, 184, 187, and the deletion mutants. Transfected cell
xtracts were harvested and processed to first measure
he expression of p37 and second for modification of p37.
he samples were treated with reducing sample buffer,
hich may cleave the thioester bond between p37 and
almitate, but all samples were treated identically and
ere analyzed immediately. To quantitate protein expres-
ion, gel electrophoresis together with chemilumines-
ence procedures were employed (Figs. 2a, 3a, and 4a).
rotein production was detected for each transiently
xpressed mutant gene. An equivalent fraction of the
ame total cell extracts were examined next for incorpo-
ation of [3H]-palmitic acid into p37 using gel electro-
horesis followed by fluorography (Figs. 2b, 3b, and 4b).
utations in positions 183, 184, and 187 did not block
almitylation of p37, however, the majority of the mutated
roteins were less efficient at incorporating label. For
ach position within the motif, palmitylation of p37 could
e detected, while only three of the four deletion mutants
etained activity. Film densitometry was used to quantify
he amount of signal obtained on the gels subjected to (luorography and chemiluminescence. Densitometry has
een used previously to quantify relative amounts of
rotein and signal (Hancock et al., 1991). The amounts
etermined through film densitometry were used to ob-
ain a ratio of protein production to [3H]-palmitate incor-
oration (data not shown). The wild-type expression from
lasmid DG4.0 was used as the standard, and the per-
ent for the mutants were determined based on this
alue (Figs. 2c, 3c, and 4c). Three other control plasmids
ere used in these experiments pCS, pSC, and pSS.
lasmids pCS, pSC, and pSS are DG4.0 derivatives that
ave had one or both cysteines at positions 185 and 186
palmitate acceptor sites in p37) mutated to serine. Pre-
ious transfection experiments with these plasmids have
emonstrated that palmitylation is abolished with the
ouble cysteine mutant (pSS) and less efficient with the
ingle cysteine mutants (pCS and pSC). A minor palmi-
ylprotein with an apparent molecular weight of 37 kDa is
till observed in pSS lanes (Grosenbach et al., 1997). The
ame palmitylprotein can be seen in vRB10-infected cells
nd does not produce any p37. The protein observed in
his position was considered background and subtracted
way from the densitometry readings (value set to 0%
ncorporation of palmitate). Most of the mutants tested
ere less efficient at incorporating label; however, the
esults do indicate preferences for different types of
mino acid. The palmitylation efficiency for the four de-
etion mutants was significantly less than DG4.0. Palmi-
ylation was not observed when the entire 10 upstream
mino acid sequence was deleted from p37 (LD10).
hereas, LD5 (42%), RD10 (26%), and RD5 (31%) still
ncorporated label but less efficiently (Fig. 2c). In position
83, the results show a preference for the wild-type
lanine. In general, hydrophobic residues or residues
ith a small side chain (glycine) in this position were
ore efficient at incorporating label as seen with A183G
47%), A183V (43%), A183P (43%), and A183W (39%) com-
ared with A183S (33%), A183T (35%), A183K (38%), and
183D (19%) (Fig. 3c). Results obtained for position 184
ere similar to those observed in position 183 in that the
ild-type alanine was the preferred residue. Although,
he hydrophobic amino acids represented by A184P
32%), A184F (37%), A184Y (42%), and A184W (31%) were
ore efficient at directing palmitylation than A184S
28%), A184T (11%), A184K (22%), and A184D (5%), the
utant A184V (48%), which has an aliphatic residue, was
he most efficient. In position 187, the mutants L187G
120%), L187V (93%), L187S (69%), L187C (89%), L187T
112%), L187M (116%), L187F (72%), and L187E (67%)
llowed for incorporation of label equal to, or in slightly
reater amounts than, the wild-type leucine. In compar-
son, the mutants L187P (11%), L187W (28%), and L187K
44%) were not preferred in position 187.
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129MUTATION OF A VACCINIA VIRUS PALMITYLATION SITEFIG. 2. Analysis of palmitylation efficiency for transmembrane deletion mutants. BSC40 cells were infected with vRB10 and then transfected both
ith the wild-type p37 transient expression vector (DG4.0) and mutated versions of this plasmid. Tritiated palmitic acid was added to the culture
edium after 6 h p.i. Total cell extracts were harvested at 24 h p.i. (A) A fraction of the extract was subjected to SDS–PAGE and chemiluminescence
sing anti-p37 as the primary antibody. (B) An equivalent amount of total cell extract was subjected to SDS–PAGE and fluorography to detect
ncorporation of label, a measure of palmitylation. (C) Protein-antibody complexes were quantitated by application of chemiluminescent substrate and
xposure to film followed by film densitometry. The fluorograph of palmitylation was also quantified by film densitometry. The percent of incorporation
f label vs protein production is depicted by the bar graph. Results were determined from an average of three separate experiments.
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130 HANSEN, GROSENBACH, AND HRUBYFIG. 3. Analysis of palmitylation efficiency for position 183. BSC40 cells were infected with vRB10 and then transfected both with the wild-type p37
ransient expression vector (DG4.0) and mutated versions of this plasmid. Tritiated palmitic acid was added to the culture medium after 6 h p.i. Total
ell extracts were harvested at 24 h p.i. (A) A fraction of the extract was subjected to SDS–PAGE and chemiluminescence using anti-p37 as the primary
ntibody. (B) An equivalent amount of total cell extract was subjected to SDS–PAGE and fluorography to detect incorporation of label, a measure of
almitylation. (C) Protein-antibody complexes were quantitated by application of chemiluminescent substrate and exposure to film followed by film
ensitometry. The fluorograph of palmitylation was also quantified by film densitometry. The percent of incorporation of label vs protein productions depicted by the bar graph. Results were determined from an average of three separate experiments.
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131MUTATION OF A VACCINIA VIRUS PALMITYLATION SITEFIG. 4. Analysis of palmitylation efficiency for position 184. BSC40 cells were infected with vRB10, and then transfected both with the wild-type p37
ransient expression vector (DG4.0) and mutated versions of this plasmid. Tritiated palmitic acid was added to the culture medium after 6 h p.i. Total
ell extracts were harvested at 24 h p.i. (A) A fraction of the extract was subjected to SDS–PAGE and chemiluminescence using anti-p37 as the primary
ntibody. (B) An equivalent amount of total cell extract was subjected to SDS–PAGE and fluorography to detect incorporation of label, a measure of
almitylation. (C) Protein-antibody complexes were quantitated by application of chemiluminescent substrate and exposure to film followed by film
ensitometry. The fluorograph of palmitylation was also quantified by film densitometry. The percent of incorporation of label vs protein productions depicted by the bar graph. Results were determined from an average of three separate experiments.
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132 HANSEN, GROSENBACH, AND HRUBYDISCUSSION
By analysis of numerous palmitylproteins, a loosely
onserved palmitylation motif, TMDX1–12AAC(C)A, in
hich the palmitylated cysteines (C) are preceded by two
liphatic residues (A), and followed by another was iden-
ified (Grosenbach et al., 1997). Several proteins studied
ere palmitylated within or proximal to a transmembrane
omain (TMD). This motif is based on criteria that have
een observed for palmitylated viral glycoproteins and
umerous cellular palmitylproteins (Schmidt and Burns,
989). This motif aided in the identification of the palmi-
ylation site in the V V 37-kDa envelope protein, p37
Grosenbach et al., 1997). In this report, the validity of this
otif was examined by testing the requirements for a
ransmembrane spanning domain and determining what
mino acid occupancy restrictions exist, if any, in the
esidues that immediately preceding or following the
almitylated cysteines. To study the components of the
otif, a derivative of the transient expression vector
DG4.0, which has the intact F13L gene behind the VV
.5k promoter, was used. Use of a VV F13L deletion
utant, vRB10 which does not express p37, together with
DG4.0 derivatives enabled the examination by transient
xpression of p37 and palmitylation efficiency.
ignificance of the hydrophobic domain surrounding
he palmitylation site
Chou–Fasman and Hopp–Woods analyses predict that
37 contains two hydrophobic domains, one of which is
redicted to be a transmembrane spanning domain.
owever, there are data to indicate that p37 does not
pan the membrane. Detergent partitioning studies were
one using native fully palmitylated p37 and p37 treated
ith hydroxylamine, which strips away the acyl-group by
ydrolyzing the labile thioester bond between palmitate
nd p37. For the treated sample in which there was no
almitate attached to p37, it was found to partition to the
queous phase (Schmutz et al., 1995). These results
ere later confirmed in vivo by differential centrifugation
ubcellular fractionation and immunofluorescent micros-
opy on both wild-type and nonpalmitylated mutants of
37 (Grosenbach et al., 1997). This suggests that the
almitate moiety mediates membrane interaction, much
s has been observed for the human immunodeficiency
irus and simian immunodeficiency virus gp41 protein
Yang et al., 1995). It is postulated that a palmitylated
p41 protein stabilizes the interaction of an amphipathic
egion with the membrane.
To test whether the hydrophobic sequence surround-
ng the palmitylation site affected palmitylation, four de-
etion mutants were constructed, only one of which com-
letely eliminated palmitylation. The data suggest that
he amino acids preceding the palmitylation site were
ecessary for palmitylation. The three other deletion mu- pants affected palmitylation by reducing the efficiency of
abel incorporation by more than half in some cases. The
eason for this is unknown, but possibly the deletion
nterfered with the secondary structure or hydrophobic
roperties of p37, making it difficult or impossible for the
rotein to associate with the membrane and thus pre-
enting palmitylation. The results obtained in these ex-
eriments together with the alignments presented in
able 1 would suggest that the requirement for the up-
tream sequence is not sequence specific but property
hydrophobic and secondary structure) specific. This
pecificity is seen with all types of palmitylproteins. Dif-
erent hydrophobic/secondary structure elements are
resent depending on which type of palmitylprotein one
s studying but are generally one of the following: a
ydrophobic sequence, a transmembrane domain 1–12
pstream of the palmitate acceptor site, or another hy-
rophobic moiety such as myristate. It can be concluded
hat the TMD portion of the motif is not required for
almitylation rather a hydrophobic element is needed or
specific secondary structure of the protein.
ignificance of residues contained within the
onsensus motif
From the above conclusion one would expect that
ydrophobic amino acids would perform better within the
onsensus motif. To test this hypothesis, numerous mu-
ants were constructed for each site within the motif
sing a degenerative oligonucleotide with intention of
btaining at least one residue from each amino acid
lass (Table 2). Position 183 was analyzed first by testing
everal amino acids in this position and comparing their
almitylation efficiency to that of the wild-type protein
Fig. 3). For all amino acids analyzed, palmitylation effi-
iency was reduced by .50% and dropped to as low as
0% when aspartic acid was in this position. As expected
he hydrophobic amino acids were more efficient in di-
ecting palmitylation. The aliphatic residue glycine in
osition 183 gave the best results, although efficiency
as significantly less than the wild-type alanine. These
esults suggest a preference for amino acids with hydro-
hobic properties, or for amino acids with small side
hains (glycine). Position 184, the second aliphatic amino
cid in the motif, was analyzed next. Numerous amino
cids were tested in this position and again the preferred
esidue was the wild-type alanine (Fig. 4). However, this
ime the graph revealed a different overall activity profile.
lthough, palmitylation was significantly reduced with
very residue, the mutants with .30% efficiency were
mino acids with hydrophobic properties. Again these
esults suggest a preference for hydrophobic amino ac-
ds with aliphatic residues giving the best results. The
esults obtained by mutating position 187, the third ali-
hatic residue within the motif, were quite different. The
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133MUTATION OF A VACCINIA VIRUS PALMITYLATION SITEite occupancy for position 187 was considerably less
tringent compared to the other positions analyzed (Fig.
). Several amino acids with varying properties (hydroxyl-
ulfur containing, acidic, aromatic, and basic) allowed for
almitylation efficiency comparable to that of the wild-
ype leucine. Surprisingly, a glycine in position 187
eemed to drastically increase palmitylation efficiency
or reasons which are unknown. The only residue that
ave poor efficiency of palmitylation was proline, possi-
ly as a result of an unfavorable change in secondary
tructure. The results obtained for 187 suggest that es-
entially any amino acid can be placed in this position
xcept proline.
From these results, several conclusions can be
eached: (i) The aliphatic amino acids preceding the
almitylation site are required for efficient palmitylation
f p37. (ii) Alanine is the preferred residue in positions
83 and 184. (iii) Site occupancy in position 187 is per-
issive. (iv) Last the motif can be defined as
ydro*AAC(C)A (where Hydro* represents a hydropho-
ic portion of a protein determined by any one of the
ollowing: a hydrophobic sequence, a transmembrane
omain 1–12 amino acids away from the modification
ite, or the prior addition of a hydrophobic molecule; C,
T
Summary of the TM
Mutants Amino acid property
A183G Aliphatic
A183V Aliphatic
A183P Cyclic
A183W Aromatic
A183S Hydoxl/sulfur
A183T Hydroxl/sulfur
A183K Basic
A183D Acidic
A184V Aliphatic
A184P Cyclic
A184F Aromatic
A184Y Aromatic
A184W Aromatic
A184S Hydroxl/sulfur
A184T Hydroxl/sulfur
A184K Basic
A184D Acidic
L187G Aliphatic
L187V Aliphatic
L187S Hydroxl/sulfur
L187C Hydroxl/sulfur
L187T Hydroxl/sulfur
L187M Hydroxl/sulfur
L187F Hydroxl/sulfur
L187E Acid
Note. The table represents the data obtained by mutating the amino
ext and in Figs. 2–5.almitate acceptor cysteines; A, aliphatic residue). Al- though, the aliphatic alanines were the preferred resi-
ues preceding the palmitate acceptor site, another ali-
hatic residue following the cysteines actually enhances
odification.
These results suggest that the motif may require fur-
her refinement to predict the palmitylation sites in other
roteins. However, the motif was sufficient in predicting
he correct palmitylation site for p37. Other VV palmityl-
roteins will be analyzed using this motif to test its utility
n predicting modification sites. VV has proved to be a
seful tool in the study and analysis of eukaryotic protein
odification and processing. Continued studies of VV
ill hopefully lead to a better understanding of the many
rocesses that govern other viral systems and, more
mportantly, give us new insights into protein palmityla-
ion.
MATERIALS AND METHODS
ells and virus
African green monkey kidney cells (BSC40) were
rown and maintained in modified Eagle’s minimal es-
ential medium (MEM-E, Sigma) supplemented with 10%
vol/vol) heat-inactivated fetal bovine serum (Summit Bio-
AAC(C)A Mutants
quence changes
Palmitylation efficiency
(percent of wild type)
l side chain 47
phobic amino acid 43
phobic amino acid 43
phobic amino acid 39
33
35
ed 38
ed 19
phobic 48
phobic 32
phobic 37
phobic 42
phobic 31
28
11
ed 22
ed 5
l side chain 120
phobic 93
69
89
112
116
phobic 72
ed 44
positions 183, 184, and 187 of p37. Mutants have been defined in theABLE 2
DX1–12
Se
Smal
Hydro
Hydro
Hydro
Polar
Polar
Charg
Charg
Hydro
Hydro
Hydro
Hydro
Hydro
Polar
Polar
Charg
Charg
Smal
Hydro
Polar
Polar
Polar
Polar
Hydro
Chargechnology), 2 mM L-glutamine (LG), 10 mg/ml gentamicin
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134 HANSEN, GROSENBACH, AND HRUBYFIG. 5. Analysis of palmitylation efficiency for position 187. BSC40 cells were infected with vRB10 and then transfected both with the wild-type p37
ransient expression vector (DG4.0) and mutated versions of this plasmid. Tritiated palmitic acid was added to the culture medium after 6 h p.i. Total
ell extracts were harvested at 24 h p.i. (A) A fraction of the extract was subjected to SDS–PAGE and chemiluminescence using anti-p37 as the primary
ntibody. (B) An equivalent amount of total cell extract was subjected to SDS–PAGE and fluorography to detect incorporation of label, a measure of
almitylation. (C) Protein-antibody complexes were quantitated by application of chemiluminescent substrate and exposure to film followed by film
ensitometry. The fluorograph of palmitylation was also quantified by film densitometry. The percent of incorporation of label vs protein productions depicted by the bar graph. Results were determined from an average of three separate experiments.
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135MUTATION OF A VACCINIA VIRUS PALMITYLATION SITEulfate (GS), at 37°C, 95% humidity, and 5% CO2. The VV
HD-J strain was grown and titered by plaque assay in
SC40 cells as described previously (Blasco and Moss,
991). The vRB10 strain, also described previously, was
rown using a low multiplicity of infection in BSC40 cells
n the presence of mycophenolic acid, xanthine, and
ypoxanthine. Since vRB10 has 93% of the F13L ORF
eleted, it produces minute plaques, so titers were ob-
ained by inoculating serial dilutions of virus onto a
onfluent monolayer of BSC40 cells followed by transfec-
ion of a plasmid born rescuing copy of the F13L gene.
fter 72 h p.i., the infected monolayer was stained with
rystal violet to visualize plaques.
lasmid construction
The p37 transient expression vector pDG4.0, de-
cribed previously (Grosenbach et al., 1997), is derived
rom the pUC118 cloning vector in which the F13L ORF is
nserted downstream of a VV 7.5K promoter directing
onstitutive expression of p37. The Kunkel method of
ligonucleotide (oligo)-directed mutagenesis (Kunkel et
l., 1991) was used to mutate the F13L gene within
DG4.0 to generate multiple amino acid mutants in po-
itions 183, 184, and 187 of p37, immediately preceding
nd following the palmitate-acceptor cysteines. The fol-
owing oligo was used to generate the degenerative
utants in position 183 while introducing an unique
estriction site SphI: 59 CTGGCAGACAGCATGCNNNA-
AGCATAAATTCAACC 39, where NNN is any nucleotide.
or position 184 the degenerate oligo 59 GTGCTAACCG-
TAGACAACANN NCGCAG 39 was able to introduce the
nique restriction site AgeI. The oligo 59 GCTAACTG-
NNNACAACAAGCCGCGGAGC 39 introduced a degen-
racy in position 187 while introducing a SacII site. Four
ransmembrane deletion mutants were constructed:
D10, using oligo 59 GGCAGACAACAAGCTTTTGCGCT-
CTATTAAAG GC 39, deleted 10 amino acids upstream
f the modified cysteines and introduced an unique
indIII site. LD5, using oligo 59 GGCAGACAACAAGCAT-
CAACCATGAATTCTTTG CGC 39, deleted five amino ac-
ds upstream of the modified cysteines and introduced
n unique EcoRI site. RD10, using oligo 59 CTCCAC-
AATTGGATTCTTCAGACAACAA GCCG 39, deleted 10
mino acids downstream of the modified cysteines and
ntroduced an unique MunI site. RD5, using oligo 59
TTAATATGATACGCCAGACAGCATGCCGC 39, deleted
ive amino acids downstream of the modified cysteines
nd introduced an unique SphI site. All mutations were
onfirmed by DNA sequencing.
omputer-assisted analysis and alignment of
almitylproteins
The computer program Net Entrez was used to search
or and retrieve the amino acid sequences of numerous inown palmitylproteins including the p37 sequence.
ach sequence was then analyzed using the computer
rogram TMPred (Hofmann and Stoffel, 1993) to identify
otential transmembrane spanning domains and possi-
le orientations in a membrane. Amino acid sequences
f each protein were aligned using the palmitylated cys-
eines as a reference point. Amino acids were then
nalyzed upstream and downstream of the acceptor site
or primary structural consistencies.
ransient expression and analysis of palmitate
ncorporation/efficiency
IHD-J and vRB10 were used to infect monolayers of
ells (2.5 3 106 cells) contained within a 35 3 10 mm
ish at a m.o.i. of 10. vRB10-infected cells were trans-
ected with 10 mg of plasmid DNA using DMRIE-C re-
gent to enable the transient expression of both wild-
ype (wt) and mutated forms of p37. The inoculum was
repared by adding 1 ml of MEM-E containing LG, and
S to a polystyrene tube. Ten micrograms of DNA
as added to each tube along with 25 ml of liposomes
DMRIE-C, supplied by Gibco). After 15 min at room
emperature, 107 pfu of virus was added to each tube and
hen added to the monolayer of cells from which the
ulture media had been aspirated. The cells were then
ncubated at 37°C for 4 h, after which the transfection
noculum was aspirated and replaced with 1 ml of
EM-E containing 200 mCi of [3H]-palmitic acid (3HPA,
upplied by DuPont NEN). At 24 h p.i., infected cells were
arvested in the culture supernatant. Cells were pelleted
y centrifugation at 15,000 g for 30 min at 4°C and then
esuspended in 100 ml of 13 phosphate-buffered saline
PBS). The resuspended pellet was froze and then
hawed three times after which 50 ml of 33 reducing
ample buffer was added. The sample was then boiled
or 3 min and then centrifuged at 15,000 g for 1 min to
ellet the insoluble material. Each sample (13 ml) was
oaded on two identical 12% polyacrylamide gels and
esolved by discontinuous gel electrophoresis (SDS–
AGE) as described previously (Studier, 1973). After elec-
rophoresis, one gel from each sample was impregnated
ith 22.2% Diphenyloxazole (PPO) in Me2SO (DMSO),
ried and then exposed to Kodak BIOMAX MR film at
70°C for fluorography. The second gel was subjected
o immunoblot analysis using anti-p37 antiserum (ap37).
he antigen-antibody complex was then incubated with
oat anti-rabbit antiserum conjugated to horseradish
eroxidase (supplied by Pierce). The blot was developed
y incubation with chemiluminescent substrate and ex-
osed to Kodak BIOMAX MR film. The fluorograph of
almitate labeled proteins as well as the film of the
hemiluminescent blots were analyzed by densitometry,
o that a relative amounts of protein produced and labelncorporated could be determined.
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